H I G H L I G H T S
• Kilembe tailings and mine water contain elevated Co, Ni and Cu concentrations.
• Trace elements contaminate local cultivated soils and drinking water supplies.
• Concentrations of Cu, Pb and Zn in local produce exceed WHO/FAO thresholds.
• Toenails of Kilembe residents show elevated Cu, Co and Ni concentrations.
• Extraneous soil dust limits use of toenails as biomarkers in Kilembe.
G R A P H I C A L A B S T R A C T a b s t r a c t a r t i c l e i n f o

Introduction
Uncontrolled and illegal mining activities in developing countries have exposed the environment to serious hazards through the generation of large amounts of toxic waste materials, which can impact human health and the ecosystem (Tomov and Kouzmova, 2005) . The source of contamination of soils and vegetation is not only the dust fallout from mining operations and from dry parts of tailings ponds, but also the dust emissions from smelters (Ettler et al., 2011) . Peplow (1999) reported that hard rock mines typically operate for 5-15 years until the minerals are depleted but metal contamination that occurs as a consequence of such mining activities can persist for centuries after the cessation of mining operations. During mining processes, metalenriched material is distributed locally as tailings, typically scattered in open and partially covered pits, and transported more widely through wind and water erosion (Habashi, 1992) . Exposure of the local population may be both environmental and occupational through air, food or drinking water (Kakkar and Jaffery, 2005) .
The health of soil and quality of food crops cultivated in areas affected by mining are subjects of great concern (Musah et al., 2013) . Numerous studies have documented trace metal uptake by food crops, vegetables and fruits, and subsequent risk to human health, in many parts of the world (Fernando et al., 2010; Nabulo et al., 2011) . Excessive accumulation of trace elements can impair natural soil functions and endanger the wider biosphere by bio-accumulation through the food chain. Metal toxicity is exacerbated in some cases because seemingly healthy plants may (i) systemically accumulate sufficiently large concentrations to endanger human health if ingested (Andrea et al., 2009) and (ii) retain metal particles on external leaf surfaces (Nabulo et al., 2012) . If the rate of metal accumulation in humans exceeds that of excretion, a progressive increase in metal body burden will occur (Ezejiofor et al., 2013) . In addition, the severity of adverse health effects is related to the chemical form of trace metals and is also time and dosedependent (Alissa et al., 2011) . Metal toxicity may result in serious health consequences, causing low productivity with declining economic development and increased health expenditure (Järup, 2003) . Some common health implications of excessive trace element intake include kidney disease, damage to the nervous system, diminished intellectual capacity, diseases of the heart, gastrointestinal system and skeleton, cancer and death (Järup, 2003) . Unfortunately, the extent of chronic metal poisoning is often difficult to assess in developing countries due to resource limitations.
In the Kilembe area (Western Uganda), the mining and processing of copper from 1956 to 1982 left a legacy of metalliferous material (tailings etc.) dumped mainly within a mountain river valley. Up to 15 Mt. of waste was generated during the processing of Cu, Co pyrite ores. There are currently numerous tailing sites of various sizes distributed around the Kilembe mine and Nyamwamba River valley which have the potential to contaminate the regional soils and water bodies through acid mine drainage and erosion by wind and water. The biggest tailing site (N20 ha) is on the banks of the River Nyamwamba and is visibly eroded whenever the river bursts its banks. There has been substantial mobilisation of sulphate and metallic elements into surrounding river basins and soils (Owor et al., 2007) . In addition, potentially contaminated underground mine water discharges into the River Nyamwamba which is a major source of domestic water for local people. Previous studies in the greater Rwenzori region have all found elevated concentrations of trace elements including Cu, Co, Ni and Zn in the soils, lake water and sediments (Edroma, 1974; Muwanga, 1997; Ssenku et al., 2014) . However no previous study has explicitly investigated trace elements in the Kilembe mine catchment and estimated the extent of metal transfer to food crops and to local populations. Therefore, the aims of this pilot study were to assess the nature and degree of risk to local populations from metal contamination arising from mining activities. The project objectives included multi-element analysis of metal sources (tailings, soils), environmental media (soil, river water), exposure media (food samples, drinking water, house dust) and human biomarkers (toenails).
Materials and methods
Site description
Kilembe mine (0°12′ N; 30°0′ E), is located 10 km west of Kasese town on the slopes of the Rwenzori mountain range (0°15′ N; 29°56′ E) in Western Uganda. The study area covered Kilembe valley and surrounding hills, an area bisected by the River Nyamwamba which originates from the Rwenzori mountain range (Fig. 1) . The study area was divided into three zones. Zone 1 was the upper course of the River Nyamwamba before it reaches Kilembe mine, Zone 2 encompassed the Kilembe mine and tailing sites while Zone 3 was located downstream of the mine and tailing deposits. The area around the Kilembe mine is densely populated, mainly with former mine workers who could not return to their homes when the mine closed in 1982. Most of the residents are subsistence farmers who depend on agriculture for their livelihoods. The food crops grown include bananas, maize, cassava, yams and Irish potatoes. Vegetables such as Amaranthus spp., tomatoes, onions, avocados, beans and fruit trees, especially mangoes, are also grown. Most crops are grown downstream of the Kilembe mine and the tailing sites within Zone 2 (Fig. 1) , an area that is frequently flooded by the River Nyamwamba which deposits eroded soil and sediments which are enriched with tailing wastes.
Sample collection and analysis
Sampling was carried out between June and October 2014, cutting across a dry and wet season.
Soils, tailings and household dust: sampling, analysis and indices
Throughout the study area, a total of 18 transects were located along the River Nyamwamba and River Rukoki for collection of soil samples at intervals of 500 m. This enabled assessment of contaminant levels in the entire catchment but focussed on the river as the principal mechanism of mine spoil dispersal. For each transect along the river, 3-5 sampling points were located on either side of the river, separated by an interval of approximately 500 m. At each of the tailing sites, 2 transects were established horizontally and vertically where soil samples were taken immediately after the tailings and then after every 500 m to establish dispersion patterns. A total of 89 samples were collected from the study area of which 79 were top soils (0-20 cm) and 10 sub soils (20-35 cm). Out of 79 top soils, 73 were sampled from the mining zone and downstream (Zone 2 and Zone 3) while 6 were from control sites upstream (Zone 1). In total, 30 sample plots were occupied by food crops at the time of sampling. At each sampling point, 5 auger borings were taken at the 4 corners and centre of a square with a side length of 10 m (referred to as a 'sample support'), using a standard stainless steel auger, and combined to form a composite sample weighing around 0.5 kg (adapted from British Geological Survey, 2013). Soil samples were also taken from 3 recreational grounds used by local schools and communities; 2 were from the mining zone and 1 control sample was taken about 3 km North West from the ore processing centre (Fig. 1) . Each playground sample was a composite of 5 sub-samples collected from 4 corners of the playground and the centre point. All soil samples were packed in labelled polythene bags and transported to Makerere University where they were air-dried for 2 weeks in the lab, sieved to b2 mm and stored in plastic zip lock bags. Mine tailing samples were taken from 6 tailing sites (Tailings 1-6, Fig. 1 ), by homogenising 5-7 sub samples from each site to get composite samples which were processed as soil samples. Samples of floor dust were collected from 5 private homes (of which one was a control) and 9 public buildings (of which 2 were controls) which included a church, a hospital and 7 public schools. Floor dust samples were collected using brushes and plastic dustpans from 3 to 4 rooms inside residential houses and 4 corners inside public buildings; these were homogenised and processed as soil samples. Control house-dust samples were collected from Nyakazinga village which is 10 km South East of Tailing site 1 and therefore presumed to have no aerial or river deposition of tailings material.
Soils, tailings and household dust (c. 0.2 g) were fully digested in perfluoroalkoxy (PFA) vials using 2.5 mL hydrofluoric acid (HF; 40% Analytical Reagent-AR), 2.0 mL HNO 3 (70%, Trace Analytical Grade-TAG), 1.0 mL HClO 4 (70%, AR) and 2.5 mL Milli-Q water in a 48-place Tefloncoated graphite block digester (Model A3, Analysco Ltd., UK). Elemental concentrations in digest solutions were analysed by inductively coupled plasma mass spectrometry (ICP-MS; Thermo-Fisher iCAP-Q model).
The extent of trace element pollution in the affected soils was assessed using the Pollution Load Index (PLI) of Liu et al. (2005) . This index is based on the Concentration Factors (CF i ) of each element in the soil where CF is the ratio of soil elemental concentration (C s ) to an appropriate background concentration (C bs ) in an uncontaminated soil.
Values of C bs were estimated from the mean concentrations of trace elements in soils from Zone 1 (Fig. 1 ) that were judged to be uncontaminated. For each sampling site, values of PLI at one soil depth were calculated as the nth root of the product of n CF values:
This index provides a simple, comparative means of assessing the overall level of trace element pollution; values of PLI in excess of 1.0 indicate the presence of trace element contamination.
Food crops and human biomarkers: sampling, analysis and indices
Food samples were collected from 30 cultivated plots where soil sampling was undertaken, in addition to 14 samples from household gardens where no soils were sampled. Most of the food sampling was conducted in Zone 2 of the study area, because it was the most densely populated and cultivated zone. They included Amaranthus tricolour (n = 31), maize (n = 4), bananas (n = 5), mangoes (n = 2) and cassava (n = 2). The control samples collected included Amaranthus tricolour (6), maize (3), bananas (3) and cassava (2). All samples were washed in clean tap water, rinsed in distilled water, cut up with a stainless steel knife and oven dried at 80°C for 24 h before being packed in polythene zip lock bags. Following importation to the UK, samples were ground in a centrifugal mill with a titanium screen (Retsch ZM 200, Germany) .
Toenails were chosen as biomarkers because they are easy to collect and are not invasive. Concentrations of potentially toxic metals in nail tissue have been reported to be an order of magnitude higher than those of body fluids and other accessible tissues (Rodushkin and Axelsson, 2000; Sukumar and Subramanian, 2007) . Human nails contain keratin-rich proteins, which incorporate trace elements in proportion to their dietary intake, and other forms of exposure, by mechanisms such as chemical binding with sulphydryl groups (He, 2011) . Toenails were collected from 27 volunteer residents of the study area, including 12 school-going children aged between 8 and 14 years and 15 adults aged between 17 and 70 years. Ten volunteers from Kampala City, comprising 5 children aged 9-14 years and 5 adults aged between 20 and 60 years who had never lived in the study area also provided toenails as controls. The volunteers were provided with consent forms which they read and signed; children were asked to consult their parents for permission to participate in the study, in which case both the parent and the child signed the consent form. The protocol was approved by the Uganda National Council of Science and Technology. Prior to toenail collection, the subjects had their feet washed with clean tap water. The nails were then clipped using a stainless steel nail clipper. The cut nails were washed three times in distilled water while resistant dirt and extraneous material were scraped off using a brush and acetone. They were dried at room temperature and sealed in polythene zip lock bags prior to exportation to UK for analysis. Approximately 0.2 g of finely ground food crop and toenail samples were microwave digested (Anton Paar, Multiwave 3000) in 2 mL HNO 3 (70% TAG), 1 mL Milli-Q water and 1 mL H 2 O 2 (40% AR). A certified reference material (NIST 1573a) was included for quality assurance. The digested solutions were diluted to 15 mL with Milli-Q water and stored prior to analysis by ICP-MS following a further 1:5 dilution with Milli-Q water. Dry weight concentration data for foods were converted to a fresh weight basis using vegetable and food-specific conversion factors calculated from the measured fresh and dry weights at harvest.
Hazard quotients (HQs) have been widely used to express 'non-cancer' health risk from consumption of food, such as vegetables grown in contaminated soils (e.g. Hough et al., 2004) . Values of trace elementspecific HQ were calculated according to Eq. (3) (Datta and Young, 2005) :
where C p is the trace element concentration in the edible portion of vegetables (mg kg −1 dry weight-DW), ADI is the average daily intake (fresh weight) of vegetable and foods (established from survey to be 0.2 kg day
), FWC is a dry-to-fresh weight conversion factor. It is possible to compile an average 'basket' of produce making up the ADI but we chose instead to calculate produce-specific HQ values as a comparative assessment. The reference dose (RfD) is a numerical estimate of a daily exposure to the human population, including sensitive subgroups, that is not likely to cause adverse health effects during a lifetime (EPA, 2002) . Finally, the average body weight (BW in Eq. (3)) of 12 children between 8 and 14 years was measured in the study area at 29.6 kg while 15 adults above 18 years had an average of 65.5 kg.
Soil dust contamination of food and toenails
Although toenail samples were washed in water and acetone, it was considered that they could still have soil dust particles on the substrate surface or embedded inside the nail structure, resulting from prolonged exposure to local soil, especially among local people who walk bare footed. Some trace elements have very poor bioavailability and can be used to estimate the likely proportion of the metal content of plants or toenails arising from external contamination from soil dust. Vanadium (V) may be a reliable indicator of extraneous contamination with soil dust because (i) vanadyl (VO 2+ ) and vanadate (VO 4 3− ) ions are poorly available to plants in soil, (ii) neither species is likely to follow a similar uptake path to that of Fe 3+ but (iii) trivalent V 3+ ions substitute for Fe 3+ in soil iron hydrous oxide particles and vanadate anions are strongly adsorbed by iron oxides (Joy et al., 2015) . Thus, a strong correlation between Fe and V concentrations is more likely to reflect structural inclusion of Fe oxide particulates within the nail matrix rather than systemic uptake of V and Fe. The levels of soil dust contamination in foods and toe nails were estimated, for each element, from the soil V concentration. Eq. (4) (Joy et al., 2015) uses plants as an example:
where P y (%) is the percentage contamination from soil dust for a given element (M) in a plant sample, V p and V s are the vanadium concentrations in the plant and in the local soil, M p and M s are the concentrations of the test element in the plant and the local soil respectively. It must be stressed that this approach provides only an approximate estimate of P y because it assumes (i) no systemic uptake of V and (ii) that the ratio of M:V in the local soil also applies to fine dust particles embedded in plant tissue (and toenails).
Water sampling and analysis
A total of 61 water samples were collected from (i) the Kilembe valley along the River Nyamwamba and Rukoki tributary (n = 30, Fig. 1 ), (ii) mine and leachate water (n = 4) and (iii) public water sources (n = 9) which included tap water (n = 5), gravity flow water (n = 2), and community water wells (n = 2). Additional samples were taken from the tributaries flowing into the River Nyamwamba (n = 6) as well as samples from household water containers (n = 12). River and stream water samples were composites taken across the width of the river from 2 to 4 points at a depth of 5 cm below the surface while mine water, leachate, and community water well samples were grab-samples taken from one point below the surface. House hold water containers were vigorously shaken and water poured into the sampling container. All water samples were immediately filtered using 0.45 μm syringe filters to remove suspended solids and stored in plastic bottles. Samples for trace element analysis were acidified, following filtration, using 0.2 M HNO 3 to prevent sorption on containers. Water samples for anion analysis were not acidified but were kept refrigerated at 4°C and assayed using ion chromatography.
Determination of trace elements in all samples
The concentrations of 28 elements, including Zn, Cu, Co, Ni, As, Cd, Cr, As and Pb were measured by ICP-MS with 'in-sample switching' between three operational modes: standard mode and kinetic energy discrimination with either He or H 2 as the cell gas to reduce polyatomic interferences. Internal standards included Sc (10 μg L −1 ), Ge . For quality control, all samples were prepared and tested in duplicate. The reagents used for sample preparation were analytical reagent grade (AR) or TAG supplied by Fisher Scientific, UK. Digestion blanks and certified reference materials were included in all sample batches.
The extent of recovery of trace elements from all the samples was assessed through recoveries of trace elements from certified reference materials. Recoveries (%) for NIST 1573a (tomato leaves) were As (146), Cd (103), Co (101), Cu (99), Fe (99), Mn (108), Ni (101), Zn (102). Average recoveries (%) for NIST 2711 (soil) were As (95), Cd (126), Co (78), Cu (93), Fe (92), Mn (82), Ni (85), Pb (122), Zn (100).
Social survey
Qualitative data was collected through a survey using questionnaires which were distributed to 60 respondents randomly selected from seven villages within the Kilembe valley (Supplementary information). The survey collected information on the life-style of local people, the proximity of their houses to Kilembe mine and tailing sites, occupational exposure to the Kilembe mine, sources of domestic water, cultivation of soil contaminated with tailings and awareness of mine waste dangers.
Statistical analysis
Survey data was assessed for precision and entered into SPSS version 16 to generate descriptive statistics for water sources and foods consumed. Data for tailings, soils, house dust, foods and toenails were analysed using Pearson's correlation, to determine whether there was a linear association between the trace elements. A two sample t-test was conducted to assess differences between trace elements in contaminated and control samples of soils, house dusts, foods, toe nails and water using Minitab version 14. All the statistical tests were conducted at a 5% significance level.
Results and discussion
Tailings dumps
Concentrations of trace elements in the six tailings dumps sampled (Fig. 1) are presented in Table 1 . Compared with average crust values, elevated trace elements in the tailings were found in the decreasing order Cu N Ni N Co N As, but there was no correlation between the four elements (p N 0.05). Bird (1968) and Davis (1967) identified the primary sulphides at Kilembe to be pyrite (FeS 2 ), chalcopyrite (CuFeS 2 ) and pyrrhotite (Fe (1 − x) S) in an approximate ratio of 12:7:1. Rare minerals included linnaeite (Co 2+ Co 3+ 2 S 4) , sphalerite (Zn,Fe)S), diegenite (Cu 9 S 5) , pentlandite ((Fe,Ni) 9 S 8 ) and molybdenite (MoS 2) . The higher concentrations of Co, Cu and Ni measured in tailings compared with world crust average elemental concentrations therefore appear to reflect the known mineralogy of the mine.
Agricultural soils
The tailings dumped in the vicinity of Kilembe mine have been redistributed into the neighbouring soils, as suggested by elevated concentrations of Cu, Co and Ni, in soil samples from around the mining and tailings sites in Zones 2 and 3 ( Fig. 1 ) compared with control soils in Zone 1 and 'world average' values ( Table 2 ). The levels of all trace elements in Kilembe mine soils were lower than those found in agricultural soils of Chinese mining zones (Guo et al., 2008) . Over 48% of cultivated soils had Co concentrations exceeding recommended thresholds for agricultural soils (Nova Scotia Environment, 2014), 33% exceeded agricultural soil thresholds for Cu (Riccardo and Gabriella, 2008) and 53% exceeded thresholds for Ni (Riccardo and Gabriella, 2008) The calculated PLI for soils (Eq. (2)) ranged between 0.83 and 3.74 (Fig. 2) , with an average of 1.72 indicating significant contamination of the area. The data also suggests a possible binary distribution with some relatively highly contaminated sites (PLI N 2) against a background of low level contamination for the majority of sites (PLI = 1.0-1.5). Based on the PLI, 51% of the soils where food crops were grown could be considered contaminated with trace elements, notably Cu, Co and Ni (Table 2) .
Playgrounds
Trace element concentrations in two playgrounds used by communities and schools exhibited high concentrations of Cu (38. (Cheyns et al., 2014) . The 2 contaminated playgrounds were located in Zone 2 (Fig. 1) on top of tailing sites that had been levelled and a thin layer of soil added to plant lawn grass or sports turf. The playgrounds were particularly contaminated by ore-derived metals (Co, Ni, Zn and Cu) with 45 times the Cu concentration of the control site, located upstream 3 km NW from the ore processing centre where contamination from mining activities was negligible. The high concentration of trace elements in contaminated play grounds can be attributed to the tailing residues forming sections of the profile which were sampled in the top soils.
Interior dust in houses and public buildings
Concentrations of trace elements in house dusts are presented in Table 3 . The dust collected from the interiors of private homes and public buildings had concentrations of Cu, Co, Zn and As that were greater than elemental concentrations in control house dusts taken 10 km North East of Tailings site 1. Cobalt concentrations in public buildings and Cu concentrations in both public and private buildings were significantly different from elemental concentrations in control house dusts (p b 0.05). The mean concentration of Co (23.9 mg kg − 1 ) in house dust was significantly lower than mean Co concentrations in the Katanga-DRC mining area of 490 mg kg −1 (Cheyns et al., 2014) which was considered to pose a health risk to children. Nickel concentration was higher in public buildings and slightly lower in private homes but the concentrations were not significantly different from controls collected from uncontaminated sites. However, the mean Cu concentrations of 143 mg kg −1 for private homes and 283 mg kg −1 for public buildings were significantly greater (p b 0.001) than those of control house dust samples (13.3 mg kg − 1 ). The highest Cu concentration measured (699 mg kg − 1 ) was in a school located 800 m from Tailings site 4 (Zone 2), just 10 m from the Nyamwamba river bank on a flat area prone to flooding. Based on Nova Scotia limits for trace elements in residential soils (Nova Scotia Environment, 2014), Co exceeded the recommended limits of 22 mg kg −1 in 75% of the dust samples collected from private residences (n = 4) and 86% of public buildings (n = 7). Other trace elements were below the Nova Scotia thresholds. Trace elements in house dust were possibly originating from contaminated construction sites, windborne tailings dust, sediments from the River Nyamwamba, eroded tailings, sand collected from the River Nyamwamba which is used to plaster houses and tailings used as an abrasive material by some households to wash cooking utensils.
Food products
Trace element concentrations in the foods, on a dry weight basis, are given in Table 4 . Through the dietary survey, it was established that of all locally grown crops; maize, cassava, bananas, mangoes and Amaranthus species (vegetables) were the most abundant and widely consumed foods. Mangoes were consumed fresh while cassava, maize, bananas and vegetables were steamed in saucepans. The food preparations identified are not expected to affect trace element concentrations in food consumed. Over 19% of Amaranthus tricolour sampled (n = 31) had Cu concentrations above the EC threshold of 20 mg kg . The mean concentration of Cu, Ni and Zn in food crops grown in the River Nyamwamba catchment exceeded the concentrations in similar crops grown along the Pearl River estuary, China (Li et al., 2012) which originated from parent materials and river sediments. Strong correlations (p b 0.001) were observed between the ore-derived metals Co and Ni (r = 0.769) and Cu and Co (r = 0.563) in the food samples, suggesting a common source for systemic uptake or possibly soil dust contamination from ore-body metals.
Notwithstanding the clear evidence of environmental contamination, a risk assessment of locally grown foods (HQ values; Eq. (3)) indicated no evidence of potentially negative health effects to consumers (Table 5) . Hazard quotients are relatively crude indices of the potential for adverse health effects; it is only reasonable to assume that for values b 1.0 no adverse health effects are expected. The apparent contradiction suggested by low HQ values calls for further studies into the specific dietary habits of local people to ascertain risks based on actual dietary surveys and a more thorough assessment of contact between contaminated soil and those engaged in cultivation operations. Depending on (assumed) consumption rates, the simple hazard quotient index suggests that children are more exposed to health risks compared to adults, due to their smaller body mass.
Soil dust contamination of foods
Estimates of percentage dust contamination (Eq. (4)) in all foods revealed that the proportions of Co arising from soil dust in cassava, mangoes, maize, bananas and Amaranthus tricolour were 7%, 13%, 8%, 23% and 13% respectively. Copper from soil dust was 2% for cassava and bananas, 2.5% for maize and mangoes while Cu from soil dust in Amaranthus tricolour was 12%. Nickel from soil dust averaged only 1.7% in cassava, 1.7% in mangoes, 0.8%, in maize, 6% in bananas but 16% in Amaranthus tricolour. Mean Pb from soil dust in Amaranthus tricolour was 35%, 17% in cassava, 5% in mangoes, 13% in maize and 22% in bananas while mean Zn contribution from soil dust was 0.61 in Amaranthus tricolour, 0.2% (cassava), 0.7% (mangoes), 0.1% (maize) and 0.4% in bananas. Dust estimations in foods suggested that most of the trace elements in the washed edible parts of foods sampled were systemically taken up by plants via roots during growth. KabataPendias (2011) also observed that the major route for trace elements in plants is via root uptake. Nevertheless, there were some examples, particularly Amaranthus tricolour, where approximately one fifth of the Co, Cu and Pb concentrations apparently originated from soil dust, in qualitative agreement with the Kampala (Uganda) study of Nabulo et al. (2012) . 
Water quality in the Kilembe catchment
Through the social survey (Section 2.2.6), it was established that more than half the households in Kilembe (51%) depended on tap water for their water sources; 38% depended on the River Nyamwamba while 11% collected water from community water sources such as streams, water wells and gravity water systems.
Trace elements in water samples
Compared with control waters from Zone 1 upstream (Fig. 1) , elevated concentrations of trace elements were found in water samples collected from (i) the underground mine (mine water) (ii) the River Nyamwamba along the mine area and downstream (Zones 2 and 3; Fig. 1 ) and (iii) leachate from mine and tailing sites (Table 6 ). The concentrations of Cu, Co and Ni in upstream water samples were significantly lower than the concentrations along the mine area and downstream (p b 0.001). This confirmed trace element input to natural water systems, originating from the mine and tailings sites. In particular, trace element concentrations for the mine water and leachate samples were in excess of the drinking threshold limits for Co, Ni, Cu and Pb specified in Table 6 , although these sources are not likely to be utilised for domestic water supply. Over 25% of domestic water samples collected (n = 12) and 40% of River Nyamwamba waters along the mine area and downstream (n = 20) exhibited Co concentrations exceeding the Wisconsin (USA) thresholds of 40 μg L −1 . By contrast, apart from Co concentrations in a small number of samples downstream of the mining area, all samples upstream of the mining area and from public and domestic supplies were well below the WHO (2008) specified limits for other trace elements. Angelova et al. (2004) and Duruibe et al. (2007) observed that trace elements from mine sites are leached and carried by acidic water downstream but distance from the mining sites, suspended solids loadings, pH perturbations and dilution ultimately control the quality of water sources in individual locations. The rate of decrease in trace element concentrations (Zone 3) was not consistent with distance downstream, perhaps due to multiple trace element inputs from several localised point sources and dilution of River Nyamwamba water with non-contaminated inputs from several tributaries. Water samples showed strong correlations (p b 0.001) between Cu and Ni (r = 0.989), Cu and Zn (r = 0.934), Cu and Co (r = 0.810), Ni and Co (r = 0.989), Zn and Co (r = 0.918), Pb and Ni (r = 0.543, Table 4 Trace element concentrations in Kilembe mine area foods, Western Uganda. Units = mg kg −1 dry weight (dw). Trace element correlations in water corresponded qualitatively to those found for soils. This may reflect the presence of trace elements adsorbed to nanoparticulate (b0.45 μm) oxides of Mn, Fe, Al and organic ligands that passed through the water filters used (Kimbal et al., 1992; Concas et al., 2006) rather than truly dissolved metal species. 
Anions in water samples
Toenail biomarkers
The elemental concentrations in toenails are shown in Table 7 . Compared with control samples from volunteers who lived N400 km from the Kilembe mine, and had never lived in the study area, trace element concentrations in toenails of children were significantly different in the case of Co (p = 0.009), Ni (p = 0.01), Cu (p = 0.002) and As (p = 0.035). By contrast, the concentrations of Cu, Co Ni and As in toenails of resident adults and control volunteers were not significantly different (p N 0.05). A comparison of Kilembe resident children and adults revealed that concentrations of Co and Cu were significantly different (p b 0.01) with greater trace element concentrations found in the toenails of children. Overall Kilembe residents' toenails contained more than double the control concentrations of Co in 50% of samples, Cu and Pb in 30% of samples and As in 62% of samples. Slotnick et al. (2005) found similar toenail trace element concentrations (mg kg −1 ) in Detroit USA for Co (0.17), Cu (5.1), As (0.1), Pb (0.74) in adults, and Co (0.27), Cu (5.7), As (0.14) and Pb (1.6) in children. However the . In Kilembe mine area toenail samples, there were strong and positive correlations (p b 0.001) between the primary ore metals Cu and Co (r = 0.845), Pb and Zn (r = 0.726). However, it was evident that extraneous soil on toenails was a major contributor to toenail elemental concentrations with N 70% of the toenail samples indicating contamination with extraneous dust (Eq. (4)). The presence of soil dust in toenails was also very strongly indicated by correlating toenail V and Fe as shown in Fig. 3 (r = 0.987). It seems highly unlikely that V and Fe are biochemically processed together and accumulate systemically in toenails which would suggest that the majority of the Fe (and V) in toenails has been derived from inclusion of extraneous Fe oxide particulates within the toenail structure. The Fe:V mole ratio was 460:1 in the toenails which differed by about 25% from the ratio for soils in the area (n = 90) with an Fe:V mole ratio of 344:1 (r = 0.818). This discrepancy may reflect differences in the composition of whole soils and the soil dust fraction thought to be included within the toenails. Nevertheless, the apparent inclusion of soil particles within toenails has significant implications for the proportion of soil-derived trace metals in this important human biomarker, estimated from Eq. (4). The mean elemental contribution to toenails from soil dust was 19% for Co, 20% for both Ni and Cu, 18% for As, 9.6% for Cd, 16% for Pb and only 0.8% for Zn. However, with the exception of Zn, estimated soil dust contributions to toenail elemental concentrations in some samples were as high as 82%. This probably calls into question the use of (cleaned) toenail samples from Kilembe residents as biomarker indicators of dietary ingestion. Trace elements from possible extraneous soil dust on toenails further imply potential risks from dermal absorption, inhalation and direct ingestion.
Conclusions
A pilot study conducted in Kilembe copper mining area, Western Uganda found that concentrations of Cu, Co, Ni and As in tailings were many times higher than world crustal averages, and had eroded into soils, surface and ground water sources. Over 51% of soils had a Pollution Load Index (PLI) exceeding 1.0. The concentrations of Co, Cu and Ni exceeded agricultural thresholds in 48, 33 and 53% of the sites sampled respectively. Interior dusts in 75% of residential houses and 86% of public buildings contained Co concentrations exceeding Nova Scotia Environment thresholds. Playground soils too contained relatively high concentrations of trace elements which in combination with house dusts could expose populations to trace elements through inhalation or accidental ingestion.
Amaranthus vegetables exceeded European Community Cu thresholds in 19% of the samples while FAO/WHO thresholds for Zn and Pb were exceeded in 36 and 47% of samples respectively. In bananas, 20% of samples exceeded the WHO/FAO Pb thresholds. Exposure of populations through contaminated drinking water was demonstrated. Over 40% of River Nyamwamba waters along the mine area and downstream and 25% of domestic water samples contained Co exceeding the Wisconsin (US) drinking water thresholds. Exposure of populations to Cu, Co Zn and Pb in water and foods exceeding thresholds could pose negative health effects such as gastro-intestinal diseases and increased risks of cancer.
The concentrations of Cu, Co and Ni in the toenails of Kilembe mine area residents were several fold higher compared with controls, possibly from direct contact with soil dust as well as systemic absorption. Children exhibited Cu, Co and Ni concentrations that were significantly higher than adults and controls, implying increased risks of exposure. However a significant proportion of the metal loading of toenails appeared to originate from extraneous soil particles, despite washing of samples. This perhaps calls for use of alternative biomarkers in future studies in the study area. The overall impression left by this pilot study is of latent risks to the local population which could be avoided through measures such as 'awareness' outreach programs, containment of tailing erosion and treatment of mine water before discharge. Given the acidic nature of the local soils, it is possible that soil amendments such as liming agents may help in limiting bioavailability of metals to locally produced crops. Populations need to make informed locational choices for settlements, cultivation, drinking water supply, construction of playgrounds etc. Considering that risk assessment results were inconclusive, a more thorough risk assessment considering more human subjects (exposed and non-exposed), a greater number of environmental samples and all routes of exposure needs to be carried out to have more accurate risk estimates.
